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based on an accepted bound on m ph . A strong bound was also obtained in the case of the neutrino.
PACS numbers: 98.80.-k An active field of research in recent years is precision testing of the fundamental symmetries, mainly as a method of searching for physics beyond the Standard Model of particle physics. The underlying theory, Special Relativity (SR) [1] , is based on a few postulates whose experimental consequences have been tested with improving accuracy over the past hundred years, see for review [2] . In the current research we address the postulate of isotropy of the speed of light. The corresponding symmetry, Lorentz invariance, which could be broken according to string theories [3] , is of high importance in physics.
The isotropy of the speed of light (rotation invariance) is usually considered for two cases. The first one is for the average speed in a round trip along a closed path (A-B-A), c 2 , whose measurement does not require synchronized clocks but rotation of the instrument in space. It was first tested about 130 years ago [4] before SR was formulated and has now been confirmed in an oscillator experiment [5] to the level of δc 2 /c 2 < 10 −18 . The second one is a one-way speed between points A and B, c 1 . The measurement of the anisotropy of c 1 also does not require synchronized clocks [6] . The currently most precise tests of the anisotropy for the one-way speed of light, δc 1 /c 1 , (on the level of ∼ 10 −14 ) were made in the Compton laser back-scattering and the asymmetric optical ring cavity experiments [7, 8] .
For this study of the anisotropy of the one-way speed of light we will assume, initially, a non-zero mass of the photon which will be extrapolated to zero in the final step. The photon mass, which is zero according to SR, currently has an experimental upper limit of m ph < 10 −18 eV, see the reviews [9, 10] . The reviews of the data on Lorentz invariance violation and bounds on the anisotropy of the maximum attainable speed for different particles can be seen in Refs. [11] [12] [13] .
We explore a connection between two bounds: one for the photon mass and the other for the Anisotropy of the one-way Maximum Attainable Speed of a photon (AMAS). We extend a concept suggested for the investigation of the one-way maximum attainable speed of an electron [14] to the case of a photon (assuming non-zero photon mass).
Additional motivation for non-zero anisotropy of the maximum attainable speed comes from the theory of quantum gravity. The energy-momentum relationship of SR modified by quantum gravity has extra terms on the Planck energy scale [2, 15] :
where E, m, and p are the energy of the particle, its mass, and momentum, respectively, E P l is the Planck energy, and f is a dimensionless constant. The onset of the quantum gravity effect in the δc 1,ph /c 1,ph , the anisotropy, could already be observed at the level of 10 −18 [15] , so investigation with such or a higher level of precision could be very productive.
Within a process which conserves the energy of the particle, the absolute value of its momentum according to eq. 1 depends on the direction of particle motion. Measurement of the momentum variation between different directions of the photon motion for a fixed photon energy allows us to put a limit on the constant f . The particle momentum, according to quantum mechanics, relates to the particle wavelength, λ, as p = h/λ, so in the case of the photon, the measurement of the wavelength allows determination of the photon momentum.
According to the momentum-speed relationship for a massive particle, the anisotropy of the maximum attainable speed leads to the anisotropy of the momentum at a given speed of the particle. Indeed, using the standard formula, p = mv/ 1 − v 2 /c 2 1 , where c 1 is the maximum attainable speed along the direction of the particle motion, we can find that the anisotropy of the momentum is δp/p ≈ −γ 2 δ(c 1 − v)/c 1 (for γ >> 1). Considering the photon emission by an atom which is fixed in the lab frame, one can see that the atom energy level structure and resulting photon energy are independent of the direction of the photon emission. At the same time, the momentum of the emitted photon could have directional dependence. The first consequence of the momentum variation is an anisotropy of the photon emission probability due to the phase space factor. According to Fermi's golden rule the probability of the photon emission is:
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where V f i is a matrix element of transition, E i (E f ) and hω are the energies of the initial (final) atomic states and the photon, and d 3 p is an element of the photon phase space. The speed of the photon in the atom's rest frame is a local parameter which is independent of the direction of emission and emission time. As a result, only the c 1 variation could be responsible for the momentum anisotropy and:
For the unpolarized atom, in the absence of a magnetic field and an isotropic speed of light, the photon emission is perfectly isotropic in the SR framework. However, a non-zero AMAS value leads to the anisotropy of the photon angular distribution due to the phase space factor which increases quadratically with the momentum.
If the AMAS is close to the value of 1/γ 2 , the emission anisotropy becomes very large, which contradicts the common knowledge that unpolarized atoms radiate isotropically in the absence of a magnetic field and allows us to put a bound on the value of the anisotropy of the one-way maximum attainable speed of a photon. Using eq. 3 and δp/p = 1 (as an extreme) for the optical photon (energy ∼3 eV, E ph /m ph > 3 × 10 18 ), we have δc 1,ph /c 1,ph < 10 −37 . A simple experiment could test the isotropy of photon emission and improve this limit by a few orders of magnitude. Even larger improvement of the δc 1,ph bound comes from similar analysis of the decay of the π
• and η mesons to γ + γ, which according to known experiments does not exhibit significant directional anisotropy.
The bound on δc 1 /c 1 could also be obtained from the observation that the optical photons emitted by the atoms (e.g. He) have about the same wavelength independently of the direction of the photon emission. In the configuration shown in Fig. 1 , the experimental setup includes a source of mono-energetic photons from atomic transition and a photon wavelength meter based on diffraction. Measurement over a long (∼24-hour) period or, alternatively, rotation of the apparatus will allow us to find an even stronger bound on the directional variation of the wavelength or photon momentum. For the compact apparatus needed in the photon case, a rotating table could be used and the bound on all components of δc 1 could be obtained.
Even without a new experiment, we can use textbook knowledge of accurate measurements of the wavelength in many atomic transitions for an estimation of the possible variation of the λ ph and find the resulting bound on δc 1,ph /c 1,ph to be at least below 10 −37 . The photon mass, an active field of investigation in itself, was recently introduced as a possible contributor to the forces responsible for the observed "galaxy rotation curves" whose origin is usually attributed to dark matter [16] . In such a case, the estimated photon mass is It is easy to find that the bound on the one-way speed, c 1 , also leads to a similarly stringent limit on the anisotropy of the round-trip (two-way) speed of light, c 2 .
The considerations above were formulated for a nonzero photon mass. It is also natural to consider the transition to a smaller photon mass value. In the limit m ph → 0, the bound δc 1 /c 1 → 0 and the conclusion is that the speed of light is absolutely isotropic for the massless photon.
The most developed framework for analysis of the Lorentz invariance tests, the minimal Standard Model extension [11] , allows variation of the maximum attainable speed for the different particles. The logic of the current analysis could be used for the neutrino, whose mass is non-zero but estimated to be as small as 0.1 eV [10] . As a result, the 10 GeV neutrino has a Lorentz factor of 10
11 . In neutrino scattering experiments, the beam of neutrinos is typically produced in the decay of highenergy pions. Pion production is independent of the neutrino AMAS, but the pion decay angular distribution is sensitive to the anisotropy of the maximum attainable speed of the neutrino. Recent measurement of the ν − n cross section has reached a level of 5% for absolute accuracy [17] , which indicates the absence of a strong (∼ 10%) daily variation. This leads to a tight limit: δc ν /c ν < 10 −23 . Analysis of the actual data for a sidereal time effect should allow further improvement. It also would be interesting to apply similar considerations to quarks and obtain constraints for their AMAS by using e.g. the measurement of the cross section of Drell-Yan process.
In summary: A very stringent limit on the anisotropy of the one-way maximum attainable speed of light of δc 1,ph /c 1,ph < 10 −37 is found by analysis of the c 1,ph variation on the photon emission intensity and the wavelength for different directions of the photon propagation. In the limit of a massless photon, the speed of light is isotropic. The anisotropy δc ν /c ν for the neutrino was
